Local anesthetics are known to reduce the level of OmpF and increase the synthesis of OmpC in the outer membrane of Escherichia coli K-12. It has been shown that the anesthetics procaine and phenethyl alcohol (PEA) act at the transcriptional level for ompF and ompC and that in the case of procaine, its action is dependent on EnvZ, the membrane-bound signal transducer required for ompF and ompC expression. In an elfort to further understand how anesthetics regulate ompF and ompC expression, we have analyzed the DNA binding properties of OmpR (the transcriptional activator protein for ompF and ompC genes) from cells treated with procaine or PEA. Treatment of a wild-type cell with either anesthetic converted OmpR from a low-affinity DNA binding form to a high-affinity DNA binding form. The change in DNA binding affinity was correlated with alterations in outer membrane porin profiles and could occur in the absence of protein synthesis. A strain lacking EnvZ was unable to respond to procaine to produce either the shift in the OmpR DNA binding property or cause any change in the outer membrane porin profile. PEA treatment was also dependent on EnvZ for the alteration in the OmpR DNA binding property, but it could induce ompC expression in the absence of EnvZ.
The outer membrane of Escherichia coli contains two major porin proteins, OmpC and OmpF (35) . The amounts of these proteins reciprocally vary depending upon external conditions such as medium osmolarity (50) , carbon source (42) pH (25) , or the presence of membrane perturbants (21, 22, 37, 39) .
General expression of ompC and ompF is controlled by the ompR and envZ genes encoded at the ompB locus (23, 24) . EnvZ is an inner membrane protein (12) believed to function as a signal transducer that receives environmental signals and relays information to OmpR (29, 33) . The OmpR protein is a transcriptional activator which binds to upstream control regions of both ompC and ompF genes (4, 31, 36) .
Signal transduction through the EnvZ-OmpR couple involves autophosphorylation of EnvZ at its cytoplasmic signalling domain and phosphate transfer to the N-terminal region of OmpR (2, 13, 28) . A substantial amount of evidence indicates that phosphorylation of OmpR is important for porin gene regulation (29, 33) . Phosphorylated OmpR has been shown to reciprocally influence the relative transcription level at both ompF and ompC promoters (1, 26, 27) . Additional studies have established that enhanced OmpC expression occurs through the accumulation of phosphorylated OmpR. This includes an OmpR (ompR3) which is unable to be dephosphorylated by EnvZ and an EnvZ mutant (envZJJ) which is unable to dephosphorylate OmpR (3) . Both ompR3 and envZJJ strains are constitutive for OmpC expression (3, 24, 34) . In vivo phosphorylation studies have also correlated high levels of phosphorylated OmpR with high levels of OmpC production (16) . In an envZII mutant, as well as in cells grown at high-osmolarity condi-* Corresponding author.
tions, the amount of phosphorylated OmpR was significantly higher than that found at low-osmolarity conditions (16) . Furthermore, a form of OmpR with high DNA binding affinity for an ompF target site has been characterized in cell extracts prepared from envZJJ cells or from wild-type cells grown at high osmolarity (14, 40) . This suggests that changes in the DNA binding properties of OmpR may be associated with elevated amounts of phosphorylated OmpR. These studies also indicate that OmpR may serve as a negative regulator at the ompF promoter, and this view has recently been supported by genetic studies (44) .
Although a general outline of EnvZ-OmpR signal transduction now appears to have been established, the mechanism whereby EnvZ receives a signal and transduces this information across the membrane remains unclear. We have used a hybrid signal transducer, Tazl (Tar-EnvZ hybrid), to show that EnvZ shares features with receptors known to receive and transmit signals across the bacterial membrane (49) . This approach circumvents the use of the endogenous stimulus or ligand for EnvZ, which has yet to be identified. However, another approach to examine specific EnvZ action may be through the use of local anesthetics. The compounds procaine and phenethyl alcohol (PEA) have been shown to act at the level of transcription to increase OmpC and decrease OmpF (21, 22, 37, 39, 46) . The anesthetic procaine also has pleiotropic effects on other genes which are similar (but not identical) to those caused by well-characterized envZ mutants (envZ473 and envZII) (8, 46) . Furthermore, In this study we have characterized further aspects of procaine and PEA by examining their effects on OmpR binding to a DNA sequence representing the OmpR target site in the ompF promoter. Our results clearly demonstrate that both compounds cause a dramatic change in the DNA binding properties of OmpR. We suggest a possible mechanism to explain our results in which EnvZ functions as a sensor for detecting functional alterations of the membrane caused by local anesthetics and osmolarity changes of the cellular environment.
MATERIALS AND METHODS
Reagents. Tran35S-label (1,100 Ci/mmol) was purchased from ICN-Amersham. Procaine and PEA were obtained from Aldrich Chemicals and were prepared as 1 M stock solutions (in water for procaine and in dimethyl sulfoxide for PEA). Initial studies established that treatment of cells with dimethyl sulfoxide did not influence ompF and ompC expression or the DNA binding pattern for cell extracts. Oligonucleotides 631 and 632 have been previously described (40) . Briefly, they represent both strands of the DNA fragment corresponding to position -101 to -64 of the ompF promoter (36) . This region contains three juxtaposed sequence elements (designated Fa, Fb, and Fc) which are important for OmpR interaction (36, 40) . Oligonucleotides were annealed and end labelled by using [a-32P]dGTP (5, 000 Ci/mmol; Amersham) and the Klenow fragment of DNA polymerase and then gel purified as previously described (40) .
Strains, media, and plasmids. The strains of E. coli used in this study, MH760 (24), SG477 (18) , and AT142 (32), were ompB derivatives of MC4100 [F-araD139 A(argF-lac)U169 rpsLI50 relAl flb-5301 ptsF25 deoCI] (7). Cells were grown in Nutrient Broth (Difco), which represented our low-osmolarity condition. Sucrose (200 g/liter) was added to Nutrient Broth to make the high-osmolarity condition. Minimal medium A (30) was used when cells were to be labelled with Tran35S-label. Plasmid pRB003, containing the gene for the Tar-EnvZ hybrid protein, has been previously described (49) , and cells harboring this plasmid were grown in media containing ampicillin (50 ,ug/ml).
For steady-state analysis of outer membrane protein profiles, overnight cultures were used to inoculate 25 ml of Nutrient Broth containing 10 mM procaine or 10 mM PEA and cells were harvested following log-phase growth. When cell extracts were to be prepared for DNA binding experiments, cells were grown in Nutrient Broth until mid-log phase and then procaine or PEA was added to a final concentration of 10 mM. Following a 30-min incubation in the presence of anesthetic, cells were harvested by centrifugation. This latter growth condition was necessary since long-term growth of cells in the presence of anesthetics impaired the ability to observe the high-affinity DNA-binding form of OmpR. Presumably, this was due to metabolism of these compounds. As shown in Fig. 1, 35S labelling demonstrated that a 30-min incubation in the presence of either procaine or PEA was sufficient to alter porin gene expression.
Preparation of cellular fractions. Cell extracts were prepared as previously described (40) , and protein concentration was determined by the BCA method (45 DNA mobility shift assays. DNA binding assays were carried out with 2 to 3 fmol of 32P-labelled ends of oligonucleotide pair 631-632 in a 15-pl reaction containing 10 mM Tris-HCl (pH 7.4), 1.0 mM EDTA, 50 mM KCl, 5% glycerol, 0.05% Nonidet P-40, 400 ng of poly(dI-dC), and 15 to 30 jig of cell extract. Binding reactions were carried out at room temperature for 20 min, and then the reaction mixtures were loaded onto a low-ionic-strength 8% polyacrylamide gel (17) .
Gels were run at 90 to 100 V for 2.5 h with buffer recirculation and then dried. Protein-DNA complexes were visualized by autoradiography.
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Radiolabelling of cells. Twenty-five milliliters of log-phase cells growing in minimal medium A was treated with anesthetics as described above. Following a 30-min incubation, 5 ml was removed and labelled with Tran35S-label (50 ,uCi) for 5 min. Outer membranes were prepared from the 35S-labelled culture, and porin proteins (approximately 105 cpm per lane) were resolved by 8 M urea-SDS-polyacrylamide gels. Prior to being dried, gels were stained with Coomassie brillant blue R250 and destained in 10% acetic acid-10% methanol-20% glycerol. Protein profiles were visualized by autoradiography, and amounts of protein expression were visually estimated.
RESULTS
Differential requirement of PEA and procaine for EnvZ. Outer membrane porin patterns of various ompB strains were examined following growth in 10 mM PEA or 10 mM procaine. Coomassie blue-stained gels showed that both compounds were capable of increasing OmpC levels in strain MC4100 ( (24) (Fig. 1A , lane 7) as a result of a mutation in OmpR (34) . There was little if any change in this pattern when MH760 was cultured in the presence of 10 mM procaine or 10 mM PEA (Fig. 1A, lanes 6 and 8,  respectively) . Two envZ strains, AT142 (AenvZ) and SG477 (envZ22), exhibit a similar OmpF constitutive phenotype due to the lack of EnvZ (15, 18, 32, 51) , and both were unable to change this pattern in response to procaine treatment (Fig.  1A, lanes 10 and 14, respectively) . On the other hand, OmpC levels increased significantly when these strains were grown in 10 mM PEA (Fig. 1A , lanes 12 and 16, for AenvZ and envZ22, respectively), and this was similar to the porin profile produced by high-osmolarity conditions (Fig. 1A , lanes 11 and 15, for AenvZ and envZ22, respectively). Slight differences between PEA treatment and high-osmolarity conditions were detected, since the level of OmpF in the outer membrane did not appear to change with PEA but was diminished by high osmolarity. The results of this analysis revealed that PEA, much like procaine and high-osmolarity conditions (14, 20, 21, 44, 48) , requires functional OmpR and EnvZ proteins to produce its full effects on porin production. PEA treatment and high-osmolarity conditions were more similar to each other than to procaine, since the former two treatments could increase OmpC levels in the absence of EnvZ while the last could not (Fig. 1A) .
The difference in OmpF levels following long-term (Coomassie blue-stained gels) and short-term (35S-labelled gels) procaine treatments appears to reflect a slow turnover of procaine during extended periods of growth. Under our experimental conditions, 10 mM procaine represented slightly more than the minimal concentration needed to repress OmpF production within 30 min for MC4100 cells.
When labelling experiments were carried out following prolonged growth in minimal medium A containing 10 mM procaine, a small amount of OmpF was found in the outer membrane (data not shown). Since the effects of procaine have been reported to be reversible (39), a reduction in the concentration of anesthetic during long-term growth may have allowed reinitiation of OmpF production and could account for the difference in OmpF levels for long-and short-term incubations with procaine. Regardless, long-term growth with procaine substantially reduced levels of OmpF in the outer membrane relative to the untreated cells. On the other hand, PEA did not appear to be as labile as procaine but tended to produce lower levels of OmpC in the labelling experiment (relative to OmpA levels). Previous studies have reported posttranslational effects of PEA on porin production at 0.2% (5, 22) . Although the PEA concentration used in our experiments was below 0.2%, we did not attempt to determine the minimal amount of PEA needed for inhibition of OmpC processing. It is possible that a small posttranslational effect contributed to the overall reduction in OmpC.
High-affinity binding to the ompF DNA by OmpR from procaine-or PEA-treated cells. Alterations in the DNA binding properties of OmpR, as a result of procaine or PEA treatment, were monitored by DNA mobility shift experiments. A synthetic 43-bp DNA (oligonucleotides 631 and 632), representing an OmpR binding site in the ompF promoter, was used for these experiments and consisted of three 10-bp elements termed F boxes (36, 48) . This probe has been used in previous studies to demonstrate differences between OmpR molecules in extracts prepared from MC4100 grown at low-and high-osmolarity conditions (40) . In order to compare our earlier observations with the current work, experiments were also carried out with cell extracts prepared from MC4100 grown at high-osmolarity conditions (Nutrient Broth plus 20% sucrose).
Incubations of the labelled ompF probe with extracts prepared from MC4100 grown in Nutrient Broth (low-osmolarity conditions) produced two protein-DNA complexes (bands a and b in Fig. 2 ). These complexes were not found in extracts from an ompR::TnJO strain (data not shown 3, Fig. 2 ). On the other hand, extracts from cells treated with procaine (lanes 6 and 7) or PEA (lanes 8 and 9) for 30 (Fig. 1) . The (Fig. 1A ). Interestingly, a low level of DNA binding was also observed for cell extracts prepared from an envZ amber strain (envZ22) grown at high-osmolarity conditions (14) .
Conversion cultures were labelled with Tran35S-label. Figure 5 shows the outer membrane profile for these treatments, demonstrating that Tazl was unable to alter the porin profile in the presence of procaine (lane 5). Aspartate, on the other hand, was recognized by this receptor and was able to induce synthesis of OmpC in the outer membrane (lane 6). These experiments indicate that procaine action is specific for EnvZ and that procaine acts either directly or indirectly at the amino-terminal region of EnvZ.
DISCUSSION
Both procaine and PEA have been shown to influence porin gene expression at the transcriptional level (21, 37, 46, 51) . The present study extends these observations by showing that the DNA binding properties of OmpR in cell extracts are also altered by these compounds. We found that extracts from MC4100 cells treated with either procaine or PEA had a high-affinity form of OmpR, and this was associated with an OmpC+ OmpF-outer membrane phenotype. This correlation is consistent with previous transcriptional studies and supports the view that procaine and PEA can regulate porin gene expression. On the basis of the present analysis, both compounds accomplish this by modifying the DNA binding characteristics of OmpR.
Different DNA binding forms of OmpR are likely to be important for porin gene expression (14, 29, 31 ). An envZ mutant strain (envZJI) and MC4100 cells grown at high osmolarity produce a high-affinity DNA binding form of OmpR which is substantially different than the low-affinity procaine-treated cells and have found that they form strikingly different protein-DNA complexes with either the ompF or ompC promoter regions (39a) . Taken together, these data would strongly suggest that the low-and high-affinity forms of OmpR are functionally relevant to porin gene expression.
Despite the fact that sucrose (used to make the highosmolarity condition) is not structurally related to either anesthetic, the effects of high osmolarity and drug treatments on porin gene expression and OmpR DNA binding are remarkably similar. It is therefore possible that both high osmolarity and local anesthetics share a common pathway leading to porin regulation. All treatments required a functional EnvZ for repression of OmpF production, indicating these pathways involve an EnvZ signal transduction event. However, PEA and high-osmolarity treatments were also capable of EnvZ-independent expression of ompC (see also references 15 and 51). Thus, these signalling routes differ from the more specific procaine signalling pathway as discussed below and may utilize alternative means for activating the ompC gene in the absence of EnvZ.
We were unable to observe any change in OmpR DNA binding when an envZ strain was treated with procaine. Previous studies have shown that an envZ amber strain (envZ22) is unable to repress ompF expression upon procaine treatment (51) . Presumably, the lack of EnvZ renders procaine incapable of indirectly altering OmpR DNA binding and subsequent porin gene regulation. The envZ3 strain is another procaine-insensitive envZ mutant and provides a further indication that procaine acts through EnvZ (46) . The hybrid signal transducer Tazl, lacking the first 221 aminoterminal residues of EnvZ, was unable to respond to the procaine signal. We have recently established that the Tazl receptor can be phosphorylated and that it donates its phosphate group to OmpR (41) . It is therefore unlikely that the inability of Tazl to respond to procaine is due to a nonfunctional signalling domain. Rather, it seems that the Tazl receptor is missing a region of EnvZ important for procaine signalling. Given the transmembrane topology of EnvZ (12), the periplasmic or transmembrane portion may be involved with detecting the procaine signal. This intrepretation is consistent with the view that procaine acts through EnvZ (46) . The present analysis, however, did not allow us to determine whether procaine is acting directly or indirectly on EnvZ.
Recently it has been suggested that procaine acts on EnvZ to influence OmpR dephosphorylation (47) . Although this is compatible with current views of how EnvZ regulates OmpR, the concentration of procaine used in these studies (0.1 M) was significantly higher than that used in the present report. We have been unable to observe significant effects of procaine (up to 30 mM) on OmpR dephosphorylation by using membranes containing EnvZ expressed from the chromosome (unpublished data). Nevertheless, it is conceivable that the procaine-induced high-affinity DNA binding form of OmpR is related in some way to the phosphorylation state of OmpR. Indeed, the observation that protein synthesis is not necessary for the change in OmpR DNA binding affinity is entirely consistent with a posttranslational modification (phosphorylation or inhibition of dephosphorylation) of preexisting forms.
Procaine and PEA are well-characterized membrane perturbants (6, 38) which cause physical and biochemical changes in the bacterial membrane, including alterations in membrane fluidity (22) , increased permeability (43), disruption of transport processes (20) and membrane potential (9, 39, 52) , and inhibition of processing and assembly of outer membrane proteins (5, 19, 22) . Considering that osmotic stress also perturbs the normal function of the bacterial membrane (11), disruption of membrane structure (or of membrane-dependent processes) is a common feature shared by high-osmolarity conditions and local anesthetics.
Thus it is reasonable to consider that EnvZ could function to monitor membrane integrity. Studies are currently in progress to understand how these compounds mimic osmotic conditions to influence EnvZ signalling. It will also be interesting to determine whether the structural differences between procaine and PEA can account for their different EnvZ dependencies.
